Abstract. E2Fs, as a family of pivotal transcription factors, have been implicated in multiple biological functions in human cancer; however, the expression and prognostic significance of E2Fs in breast cancer remains unknown. In the present study, the mRNA expression patterns of E2Fs in breast cancer were investigated with Oncomine and The Cancer Genome Atlas data. Prognostic values of E2Fs for patients with breast cancer were determined using the Kaplan-Meier plotter database. The results strongly indicated that E2F1, E2F2, E2F3, E2F5, E2F7 and E2F8 were overexpressed in patients with breast cancer, whereas E2F4 and E2F6 exhibited no expression difference between patients with cancer and healthy controls. In survival analyses, elevated E2F1, E2F3, E2F5, E2F7 and E2F8 expression levels were significantly associated with lower overall survival, relapse-free survival (RFS), distant metastasis-free survival (DMFS) or post-progression survival for patients with breast cancer. Furthermore, high expression of E2F4 indicated improved RFS but reduced DMFS. Subgroup analyses based on four clinicopathological factors further revealed that E2Fs were associated with the prognosis of patients with breast cancer in an estrogen receptor-, progesterone receptor-, human epidermal growth factor 2-and lymph node status-specific manner. These data indicated that E2Fs may serve as promising biomarkers and therapeutic targets for breast cancer.
Introduction
Breast cancer is the most common malignancy in females and remains a major cause of cancer-associated mortality for females globally, particularly in less developed countries (1) .
As of yet, the risk factors for breast cancer remain uncertain, but have been indicated to be associated with complex and heterogeneous processes involving reproductive, hormonal and numerous other potential factors, including being overweight, menopausal hormone therapy, physical inactivity and alcohol intake (2,3). The incidence rate of breast cancer remains at a relatively high level (4) . Despite improved diagnostics, advanced surgical techniques and growing numbers of anticancer drugs and targeted therapies that have largely improved the clinical outcomes of breast cancer, the recurrence or metastasis frequently occurs and the long-term survival of patients with breast cancer is not optimistic (4) (5) (6) ; therefore, it is necessary to further investigate the underling mechanisms of initiation and development of breast cancer. Furthermore, novel biomarkers that may serve as therapeutic targets or prognostic indicators are also urgently required.
E2Fs are a group of transcription factors, including ≥10 members encoded by eight distinct genes (7) . The majority of studies have divided E2Fs into two subgroups: Transcriptional activators (E2F1-E2F3) and repressors (E2F4-E2F8) based on their structures and functions (7, 8) . At present, E2Fs have been well characterized as central regulators of cell cycle progression (9) . During G 0 and early G 1 phase, unphosphorylated pRB binds to certain E2Fs and negatively regulates their transcriptional activity (10) . Subsequently, cyclin-dependent kinase complexes mediating phosphorylation of pRB in late G1 phase enable E2Fs to activate target genes, resulting in DNA and protein synthesis that are necessary for S-phase entry (10) . Furthermore, an increasing number of studies have revealed the roles of E2Fs beyond simply participating in the regulation of the cell cycle (11, 12) . Numerous other physiological processes, including proliferation, apoptosis, DNA damage repair, senescence and autophagy, which were known to be crucial for tumor progression, have also been determined to heavily rely on the involvement of E2Fs (11, 12) .
In human malignances, E2Fs are frequently deregulated. Expression of E2F1 was reported to be elevated in lung cancer,
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compared with normal tissues, and a high level of E2F1 was significantly associated with a poorer prognosis (13, 14) . In hepatocellular carcinoma (HCC), E2F1, E2F3, E2F4 and E2F8 are overexpressed in tumor specimens (15) (16) (17) . Overexpression of E2F8 contributes to HCC cell proliferation via promoting cells to entry into S-phase, which may be mediated by the transcriptional effect of E2F8 on cyclin D1 (16) . Previous studies have determined that several E2Fs were upregulated in ovarian cancer, and high expression levels of E2F4 and E2F7 were associated with an improved prognosis, while E2F8 indicated a reduced overall survival (OS) (18) (19) (20) . Recent studies have also provided evidence demonstrating that E2Fs family may act as promising biomarkers in breast cancer (21) (22) (23) . A study based on 165 lymph node-negative breast carcinomas demonstrated that patients with E2F1-positive tumors would exhibit a reduced disease-free survival (DFS) or overall survival (OS) rate than those with E2F1-negative tumors (21) . Similarly, increased nuclear expression of E2F4 demonstrated reduced survival outcomes for patients with breast cancer (22) . Fujiwara et al (23) determined that E2F2 expression was associated with relapse-free survival (RFS) rate. Although these data indicated that E2Fs may serve as reliable markers for breast cancer, the different expression levels, various biological functions, detailed molecular mechanisms and prognostic significance of the majority of E2Fs members remain elusive. A comprehensive study of all eight E2F genes is required.
Materials and methods
Oncomine database and the cancer genome atlas (TCGA) data. Oncomine (http://www.oncomine.org), an online microarray database, was utilized to examine the mRNA expression levels of E2Fs in breast cancer. The thresholds were restricted as follows: P-value=0.0001; fold-change=2; gene rank=10%; and data type, mRNA. For each gene, comparison by cancer vs. normal analysis was performed. Cancer type, fold change, Student's t-test value, P-value and sample size were abstracted from comparisons with statistical significance. Integrin mRNA HiSeq expression data of TCGA were downloaded from the Cancer Genomics Browser of University of California Santa Cruz (version 2015-02-24; https://genome-cancer.ucsc.edu/).
Kaplan-Meier database analysis. Kaplan-Meier plotter (KM plotter; http://kmplot.com/analysis/) (24) was used to determine the prognostic values of E2Fs in breast cancer. KM plotter is an online database containing microarray gene expression data and survival information derived from Gene Expression Omnibus (https://www.ncbi.nlm.nih.gov/), European Genome-Phenome Archive (https://ega.crg.eu/) and TCGA containing a total of 4,142 patients with breast cancer with survival data. For each gene symbol, the desired probe ID was identified according to the file of probe sets provided by KM plotter. Patients were divided into high and low expression groups by median values of mRNA expression level and survival analyses were performed without follow-up restrictions. In brief, the desired probe IDs representing eight genes were separately entered into the database to perform Kaplan-Meier survival analysis for OS, RFS, distant metastasis-free survival (DMFS) and post-progression survival (PPS) Kaplan-Meier Plots, which were automatically generated by the database. Subgroup analyses were performed via separating patients based on the factors of expression of: Estrogen receptor (ER), progesterone receptor (PR), human epidermal growth factor 2 (HER-2) and lymph node status. Factors were defined as either positive or negative, with the status information being included in the database. The number of cases, hazard ratios (HRs), 95% confidence intervals (CIs) and log rank P-values were obtained from the webpage of the KM plotter.
Statistical analysis. An un-paired Student's t-test was performed to examine the mRNA expression difference between tumor and normal tissues from TCGA using SPSS 20.0 (IBM Corp., Armonk, NY, USA). The boxplots were created using GraphPad software 5.0 (GraphPad Software, Inc., La Jolla, CA, USA). Data are expressed as mean ± standard error of the mean. P<0.05 was considered to indicate a statistically significant significance.
Results
Expression levels of E2Fs in breast cancer. The mRNA expression levels of E2Fs via cancer vs. normal analysis were firstly investigated using the Oncomine database, which contains publicly available microarray data from multiple cancer types, including breast carcinoma. With the following thresholds: P-value=0.0001; fold change=2; gene rank=10%, E2F1 was determined to be overexpressed in breast cancer tissues, compared with normal samples, according to datasets from TCGA and Gluck et al (25) . A total of nine comparisons, including datasets from Curtis et al (26) , Gluck et al (25) , TCGA, Zhao et al (27) and Richardson et al (28) , revealed that the mRNA expression level of E2F2 was higher in breast cancer samples than in healthy controls. By contrast, the dataset by Radvanyi et al (29) demonstrated a lower expression level of E2F2 in breast cancer, but caution should be taken due to the limited sample size, with only six normal controls against two invasive lobular breast carcinomas. In datasets by Curtis et al (26) and Richardson et al (28) , E2F3 was significantly upregulated in breast cancer, compared with normal tissues. However, all 13 datasets available for E2F4 indicated no expression difference between tumor and normal groups. Based on datasets by Richardson et al (28) and TCGA, it was determined that the transcription levels of E2F5 in ductal breast carcinoma and invasive breast carcinoma were higher than in normal breast tissues. As for E2F6, there were seven datasets in Oncomine, but none of these revealed a significant statistical difference between tumor and normal samples. The mRNA expression level of E2F7 was notably increased in breast cancer when datasets by Richardson et al (28) and TCGA were analyzed. Similarly, the mRNA expression level of E2F8 was increased in breast carcinomas, compared with normal tissues in datasets by Gluck et al (25) and TCGA. All of the results are summarized in Table I . Furthermore, the mRNA HiSeq expression data involving 1,095 tumors and 113 normal samples from TCGA database was utilized to further investigate and confirm the expression difference of E2Fs in breast cancer and normal tissue. As depicted in Fig. 1 , consistent with the Oncomine data, the mRNA expression levels of E2F1, E2F2, E2F3, E2F5, E2F7 and E2F8 were determined to be upregulated in breast cancer (P<0.001), compared with normal tissues. There was no difference in transcription levels of E2F4 and E2F6 between tumor tissues and normal tissues ( Fig. 1) .
Association of the expression of E2Fs and OS rates in patients with breast cancer.
The association between E2Fs and OS rates was determined using the KM plotter database. The desired Affymetrix IDs were as follows: 204947_at, E2F1; 228361_at, E2F2; 203693_s_at, E2F3; 202248_at, E2F4; 221586_s_at, E2F5; 203957_at, E2F6; 228033_at, E2F7; and 219990_at, E2F8. As depicted in Fig. 2 , it was determined that high mRNA expression of E2F1, E2F3 and E2F8 was significantly associated with reduced OS rates for patients with breast cancer, with HR=1.64 (1.29-2.09) and P<0.001; HR=1.36 (1.07-1.73) and P=0.011; and HR=1.64 (1.29-2.08) and P<0.001, compared with the low expression group, respectively. However, as for the other five members, E2F2 and E2F4-7, there was no clear association with OS ( Fig. 2 ). Following this, the prognostic values of E2Fs were examined in patients with breast cancer based on clinicopathological features, including ER, PR, HER-2 and lymph node status (Table II) . The results demonstrated that high expression of E2F1 (HR, 1.82; 95% CI, 1.18-2.81; P=0.006), E2F3 (HR, 1.92; 95% CI, 1.25-2.95; P=0.003) and E2F8 (HR, 2.94; 95% CI, 1.87-4.63; P<0.001) indicated reduced OS rates in ER-positive patients, but not in ER-negative patients. Notably, high expression of E2F2, E2F5 and E2F6 were determined to be significantly associated with improved OS rates in ER-negative patients, with HR=0.29 (95% CI, 0.09-0.92) and P=0.025; HR=0.39 (95% CI, 0.21-0.71) and P=0.001; HR=0.52 (95% CI, 0.29-0.94) and P=0.027, respectively. Since there were a limited number of cases with PR information, analysis of the prognostic significance of E2Fs stratifying by PR status in KM plotter was not conducted. Although E2F1 and E2F5 were associated with OS in HER-2-positive patients, the results should be treated with caution due to a small sample size (n=28). Furthermore, increased E2F5 predicted an improved OS rate in lymph node-positive patients (HR, 0.60; 95% CI, 0.36-1.00; P=0.048), whilst E2F1 (HR, 2.15; 95% CI, 1.39-3.32; P<0.001) and E2F8 (HR, 2.14; 95% CI, 1.40-3.28; P<0.001) were significantly associated with reduced OS rates in lymph node-negative patients.
Association between E2F expression and RFS rates in patients with breast cancer. The prognostic values of E2Fs for RFS rates were then investigated using the KM plotter database, with the desired Affymetrix IDs of each gene symbol. Kaplan-Meier analyses indicated that high mRNA expression levels of E2F1, E2F3, E2F5, E2F7 and E2F8 were all significantly associated with reduced RFS rates (E2F1: HR, 1.50, 95% CI, 1.34-1.69, P<0.001; E2F3: HR, 1.39, 95% CI, 1.24-1.56, P<0.001; E2F5: HR, 1.14, 95% CI, 1.02-1.28, P=0.023; E2F7: HR, 1.34, 95% CI, 1.14-1.58, P<0.001; and E2F8: HR, 1.82, 95% CI, 1.62-2.04, P<0.001), while E2F4 was associated with improved RFS rates (HR, 0.88; 95% CI, 0.79-0.99; P=0.027). By contrast, E2F2 and E2F6 were not associated with RFS rates. The Kaplan-Meier curves are presented in Fig. 3 .
When analyses were performed by stratifying patients into subgroups based on the clinicopathological features, it was determined that E2F1, E2F7 and E2F8 were significantly associated with reduced RFS rates in patients with ER-positive breast cancer (E2F1: HR, 1.49, 95% CI, 1.25-1.77, P<0.001; E2F7: HR, 1.50, 95% CI, 1.09-2.05, P=0.011; and E2F8: HR, 1.75, 95% CI, 1.47-2.09, P<0.001), but not in the ER-negative cohort (Table III) . By contrast, high expression of E2F5 and E2F6 predicted improved RFS rates in ER-negative patients but not in ER-positive patients. With regards to PR status, E2F1, E2F7 and E2F8 indicated a reduced RFS rate in PR-positive patients, while E2F2 and E2F4 predicted a reduced RFS rate in the PR-negative group (Table III) . In the HER-2-positive subgroup, only E2F2 was marginally associated with RFS rate (HR, 0.57; 95% CI, 0.33-0.99; P=0.045). However, high expression of E2F2 indicated an opposite association with RFS in the HER-2-negative subgroup (HR, 1.80; 95% CI, 1.33-2.44; P<0.001). In addition, E2F1, E2F3, E2F7 and E2F8 were also significantly associated with reduced RFS rates in HER-2-negative patients (Table III) . E2F1, E2F3, E2F7 and E2F8 were associated with reduced RFS rates in lymph node-positive and HER-2-negative patients (Table III) . E2F2 was determined to be associated with reduced RFS rates in the lymph node-positive subgroup (HR, 1.52; 95% CI, 1.16-2.00; P=0.003).
Association between E2F expression and DMFS rates in patients with breast cancer. Metastasis is the most common cause of mortality in breast cancer, and 20-30% individuals initially diagnosed with early breast cancer would exhibit distant metastasis (30) . Following this, the prognostic significance of E2Fs to DMFS was investigated. High expression levels of E2F1, E2F3, E2F4 and E2F8 were significantly 
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Negative status associated with worse DMFS in patients with breast cancer, with HR=1.63; 95% CI, 1.33-2.00 and P<0.001 (Fig. 4A) ; HR=1.29; 95% CI, 1.06-1.58 and P=0.012 (Fig. 4C) ; HR=1.28; 95% CI, 1.04-1.56 and P=0.017 (Fig. 4D) ; and HR=1.88; 95% CI, 1.53-2.31 and P<0.001 (Fig. 4H) , respectively. However, there was no difference in DMFS between high and low expression groups for the other four E2Fs (Fig. 4B, E-G Table IV . The association between E2Fs and distant metastasis-free survival for patients with breast cancer based on clinicopathological features.
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E2Fs in the ER-positive and PR-positive cohort was not conducted for the limited number of patients. No positive result was observed in patients with PR-negative breast cancer (Table V) .
Discussion
E2Fs have been implicated in numerous human cancer types (7) . Deregulated expression of E2Fs was demonstrated to be a common phenomenon in malignances (31) . Depending on the context, E2Fs were regarded as oncogenes or tumor suppressors and exerted exactly opposite functions during tumorigenesis (11); therefore, identifying the underling mechanisms of the E2F-mediated cell cycle, differentiation, apoptosis and numerous other pivotal physiological progressions, and unraveling how they are involved in different types of human cancer may provide novel therapeutic strategies. In addition, a number of studies have confirmed the significant associations between E2Fs, and clinicopathological features and survival outcomes of patients with cancer, which indicated that E2Fs may serve as predictive biomarkers for specific carcinomas (13, 18, 21) . However, inconsistent expression patterns and prognostic significance, even in the same type of carcinoma, have been frequently observed in previous studies (18) (19) (20) . In the present study, the transcription levels and prognostic significance of all eight E2F genes in breast cancer were systematically investigated using the Oncomine, TCGA and KM plotter databases. E2F1-3 were classified as activator E2Fs due to their ability to induce the transcription of target genes during the transition from G1 to S phase in cell cycle progression (32) . In structure, a nuclear localization signal adjacent to the cyclin-binding domains of E2Fs ensures entrance into the nucleus and modulates their transcriptional activity (33) . Two previous studies have indicated that the mRNA expression level of E2F1 was much lower in breast cancer tissues than in normal tissues (34, 35) ; however, it may be contradictory that a high transcription level of E2F1 was positively associated with tumor cell proliferation and indicated a poorer prognosis for patients with breast cancer (21, 36) . E2F2 was indicated to exhibit oncogenic or tumor suppressive activity depending on the context (37). For example, E2F2 contributed to cell Table V . The association between E2Fs and post-progression survival for patients with breast cancer based on clinicopathological features.
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Negative status proliferation in primary mouse embryo fibroblasts and downregulation of E2F2 inhibited cell proliferation in breast cancer (38, 39) . However, Pusapati et al (40) demonstrated that inactivation of E2F2 significantly promoted tumor formation in K5.Myc transgenic mice, which indicated a tumor-suppressor role of E2F2. It has been reported that either E2F3a or E2F3b is sufficient to regulate E2F target gene transcription and cell proliferation in the absence of other E2F activators, E2F1 and E2F2 (41) . A recent study demonstrated that E2F3 was upregulated in the majority of breast cancer cell lines and that E2F3 depletion significantly suppressed cell proliferation (42) . In the present study, it was determined that E2F1-3 were all upregulated in breast cancer. Notably, high mRNA expression of E2F1 and E2F3 were significantly associated with reduced OS, RFS and DMFS rates. Furthermore, it was determined that E2F1-3 may be associated with survival outcomes in an ER, PR, HER-2 and lymph node status-specific manner. For instance, upregulated E2F1 indicated reduced OS rates in ER-positive but not in patients with ER-negative breast cancer. Although no significant association was observed between E2F2 and clinical outcomes in all breast cancer patients, subgroup analysis determined that E2F2 was associated with reduced RFS rates in patients with PR-negative, HER-2-negative or lymph node-positive breast cancer.
As repressor members of the E2F family, E2F4 and E2F5 were reported to contribute toward cell transformation, proliferation and cell cycle progression in the presence of a dimerization partner and inhibitory pocket proteins (Rbs) (43, 44) . In a previous study, E2F4 was able to cooperate with any Rbs, while E2F5 was predominantly associated with p130 (45) . In breast cancer, the expression level of E2F4 was determined to be lower in primary and metastatic tissues, compared with corresponding normal samples, which indicated a tumor suppressor function for E2F4 (35) ; however, a more recent study demonstrated that overexpression of E2F4 in the nuclei of breast cancer cells was associated with multiple advanced clinicopathological characteristics and poorer clinical outcomes for patients with breast cancer (22) . In the present study, it was determined that there was no mRNA expression difference between tumor and normal tissues; however, a relatively high level of E2F4 was significantly associated with an improved RFS rate, but not with a reduced DMFS rate. Similar to that of E2F4, the present understanding of E2F5 was also limited in breast cancer. A group of microRNAs (miRNAs/miRs), including miR-34a, miR-106, miR-132 and miR-181a, was proven to target E2F5 in a number of cancer types (46). Umemura et al (47) demonstrated that E2F5-positive breast cancer was characterized by a higher Ki-67 index and an aggressive histological pathology. Furthermore, the DFS rate was reduced in lymph node-negative patients with E2F5-positive breast cancer, compared with patients with E2F5-negative breast cancer (47) . Consistently, it was determined that E2F5 was upregulated in breast tumors, compared with normal tissues, and a high mRNA expression level of E2F5 predicted reduced RFS and PPS rates. Notably, a high level of E2F5 was significantly associated with improved OS, RFS and DMFS rates in ER-negative patients and with an improved OS rate in HER-2-positive and lymph node-positive patients by subgroup analysis. Accordingly, with these preliminary results, the actual roles of E2F4 and E2F5 require further clarification in breast cancer.
E2F6-8 have similar functions with the repressor group but it is distinct in molecular mechanisms (48, 49 ). Although exhibiting a high level of homology with E2F1-5 in the heterodimerization and DNA binding domains, E2F6-8 lacks a transactivation domain and an Rb-binding domain, thereby acting as pocket protein-independent transcriptional repressor (50) . In addition, E2F6 was demonstrated to act as a repressor through interaction with the polycomb complex, whereas E2F7 and E2F8 were able to form homodimers or heterodimers to suppress the transcription of target genes (48, 49) . Recently, Tang et al (51) reported that the regulation of BRCA1 by miR-185 was mediated by E2F6, which indicated a critical role of E2F6 in breast cancer, though no expression difference of E2F6 was detected between tumors and normal tissue in the present study. In a previous study, E2F7 was overexpressed in tamoxifen-resistant breast cancer cells and silencing E2F7 re-sensitized resistant cells to tamoxifen (52) . Furthermore, high expression of E2F7 was significantly associated with reduced RFS rate in patients with ERα-positive breast cancer treated with tamoxifen (52) . In the present study, it was determined that high expression of E2F7 was associated with reduced a RFS not only in ER-positive but also in patients with PR-positive and HER-2-negative breast cancer; however, E2F7 was associated with an improved DMFS rate in patients with HER-2-positive breast cancer. Notably, a high expression of E2F8 was significantly associated with reduced OS, RFS, DMFS and PPS rates. This was similar to a recent study reported by Ye et al (53) , which indicated that upregulated E2F8 was correlated with a poorer prognosis in breast cancer. Specifically, it was also demonstrated that E2F8 indicated a poorer prognosis in patients with ER-positive, PR-positive and HER-2-negative breast cancer.
In summary, it was concluded that mRNA expression levels of E2F1, E2F2, E2F3, E2F5, E2F7 and E2F8 are notably increased in breast carcinoma, while the expression of E2F4 and E2F6 is not altered in tumors, compared with normal tissues. Furthermore, significant associations between E2Fs and clinical outcomes of patients with breast cancer were also identified. These results indicated that E2Fs may serve as promising biomarkers for breast cancer; however, further studies concerning molecular mechanisms, focusing on individual E2Fs or combining several E2Fs, are required to facilitate the clinical application of E2Fs serving as prognostic indicators or therapeutic targets in breast cancer.
